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INTRODUCTION 
During recent  tes t  f i r i n g s  of  Aerozine-50/nitrogen t e t r o x i d e  
100-pound t h r u s t  engines a t  environmental p ressures  of about 0.005 ps ia ,  
Manned Spacecraf t  Center (MSC) Personnel observed the  formation and 
accumulation of  a r e s i d u a l  material on the  engine ' s  d i f f u s e r  b e l l .  
Chemical ana lyses  of t h i s  mater ia l ,  suppl ied t o  t h e  Bureau of Mines by 
MSC, has subsequently shown it contains  water,  hydrazine n i t r a t e ,  and 
o the r  un iden t i f i ed  compounds. Since these  r e s idues  apparent ly  contain 
an  apprec iab le  amount of hydrazine n i t r a t e ,  an  explosive mater ia l ,  it 
has been suggested t h a t  t hese  res idues  could be con t r ibu t ing  t o  t h e  
p re s su re  sp ik inb  ,phenomena o f t e n  observed during i g n i t i o n  of t h e  engines 
a t  a t t i t u d e .  
On J u l y  7, 1966, t h e  Bureau of  Mines agreed t o  conduct, as part 
of  i t s  experimental  program, a n  exploratory s tudy of t h e  phys ica l  and com- 
bus t ion  c h a r a c t e r i s t i c s  of hydrazine n i t r a t e  and i t s  water so lu t ions .  It 
i s  be l ieved  t h i s  information w i l l  permit a more c r i t i c a l  eva lua t ion  of t he  
p o t e n t i a l  hazard i n  t h e  engines.  Table 1 l i s t s  t h e  suggested experimental  
s t u d i e s  as ou t l ined  and agreed upon a t  the  J u l y  7 conference. 
TABLE 1. - Suggested s t u d i e s  of t h e  phys ica l  and combustion charac- 
t e r i s t i c s  of hydrazine n i t r a t e  and i t s  so lu t ions .  
Phys ica l  P rope r t i e s  Combustion C h a r a c t e r i s t i c s  
Viscos i ty  C r i t i c a l  f i l m  de tona t ion  
Surface t e n s  ion th ickness  
Vaporization r a t e  Shock and impact s e n s i t i v i t y  
Phase diagram Detonation parameters 
Thermal s t a b i l i t y  
This  r.eport desc r ibes  t h e  r e s u l t s  of t h e  phys ica l  and combus- 
t i o n  c h a r a c t e r i s t i c  s tudy and i n  addi t ion ,  t he  r e s idue  chemical a n a l y s i s .  
The f i r s t  sec t ion  conta ins  the  results of t h e  chemical a n a l y s i s  of t h e  
engine pos t  shutdown res idues  received from MSC. The second sec t ion  
d i scusses  t h e  phys ica l  c h a r a c t e r i s t i c s  of  hydrazine n i t r a t e  and i t s  per-  
t i n e n t  so lu t ions .  The remaining sec t ion  conta ins  t h e  r e s u l t s  of  s t u d i e s  
conducted a t  the  Bureau and o the r  l abora to r i e s  concerning t h e  combustion 
c h a r a c t e r i s t i c s  of these  same systems. 
EXPERIMENTAL STUDIES 
Materials 
The hydrazine nitrate used in these experiments was prepared 
by the procedure recommended by the Thiokol Corporation in their report 
RMD 239-ql (Period June-September 1958, Contract No. as 58-644C). The 
nitric acid used in this preparation was A.C.S. grade with a purity of 
70 percent; the hydrazine was purchased from Olin Mathieson Chemical 
Corporation with a stated purity of 97.5 percent. The methanol used 
for recrystallizing the hydrazine nitrate was a Reagent Grade product 
with a purity of 99.9 percent. 
preparing the various solutions. 
Commercial distilled water was used in 
Residual Analvsis 
The residues were obtained by MSC personnel following engine 
shutdown from various locations in the environmental chamber and rocket 
engine. 
The samples received from MSC were divided into two equal por- 
tions, one for immediate analysis and the other was reserved for use in 
case of accidental loss of the first sample. The first sample was 
freeze-dried at a pressure of about 0.1 psia, thereby separating it into 
solid and liquid portions. The liquid portions were water clear, and 
the solid portions, a dark straw color. The liquid portion was analyzed 
by a gas-liquid chromatograph using a 3-foot column of Carbowax 1540 at 
a temperature of 113°F. 
bromide and pressed into a pellet for infrared analysis. Table 2 shows 
the results of these analyses conducted on the various samples to date. 
The solid portion was mixed with potassium 
Physical and Thermochemical Characteristics 
To understand the role of hydrazine nitrate ( H N )  in the hard 
start phenomena, it is pertinent to have available information concerning 
its physical and thermochemical characteristics. In this regard, several 
literature searches were conducted for the Bureau by The Chemical Pro- 
pulsion Information Agency and Defense Documentation Center. 
Table 3 contains a list of the known physical and thermochemi- 
cal properties of HN. As shown in the table, there exists two crystal- 
line forms of HN, and cy and the p .  
apparent decomposition or sublimation. 
the resulting melt supercools readily and usually crystallizes as the cy 
form. However, on seeding the (y form with fl crystals, it reverts to the 
/3 form at a rate which decreases with decreasing temperature. 
the unstable nature of the cy form, it has not been possible to determine 
from the MSC residue samples whether this or the f3 form is actually 
generated in these engines. Furthermore, these authors found no indi- 
cation of any additional thermal (phase) changes in the crystalline 
The f3 form melts at 158"~ with no 
Robinson and McCroneg found that 
Due to 
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TABLE 3. - Physical  and thermal chemical p r o p e r t i e s  
of hydrazine n i t r a t e .  
Formula weight 
Density (X-ray) 
Melting poin t  
CY form 
fl form 
Heat of  formation 
Heat of  so lu t ion  
Heat o f  decomposit Lon 
Combus t i o n  temperature 
95.06 
95.35 l b / f t 3  
159°F 
144 O F  
+lO7,000 Btu/mole 
-l5,7OO Btu/mole 
-15,900 Btu/lb 
4, 350°F 
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structure of HN between -94°F and the melting point; the system is 
therefore probably monotonic. 
of similar w rk conducted at the Bureau, using a differential scanning 
calorimeter2 9 . 
These results are in accord with results 
Moisture absorption experiments were conducted on HN by Meaard 3l 
using various Regnault mixtures (sulfuric acid of 11" Be, 21" Be, and 31" 
Be) to obtain various water vapor pressure environments. Figure 1, repro- 
duced from Medard's report, shows the results of these experiments. The 
figure shows that at 6 0 " ~  HN will absorb moisture from an environment at 
90 percent relative humidity at a rate of 0.01 pounds of water per pound 
of HN per day. 
Medard also examined the weight loss  of anhydrous HN during 
He found 
intermittent heating to 230°F for a period of 315 hours (apparently the 
author attributes this weight loss to thermal degradation). 
amounted to a loss of this loss to be linearly dependent,with time, 
about 0.005 weight percent per hour. Kissinger , in similar work, found 
that the HN decomposition at 280'~ is "barely noticeable by the standard 
vacuum stability technique." 
under 95 percent ethyl alcohol at a maximum temperature of 86°F for as 
long as four months w i  hout any "apparent ill effects." 
Semishin, and Simuti rd in their work observed "an intense thermal decom- 
position of HN at 392-428°F and a flash at 518"~." This latter obser- 
vation seems to be in accordance with the Bureau's results where impur 
ag
He also reported that it can be stored 
Shidlovskii, 
HN was found to decompose explosively at a temperature of about 518"F2 J . 
The solubility of HN in water and in hydrazine has been studied 
ber of investigators; among these Corcoran, Kruse, Skolnik, and 
Lieber6 by a nY conducted the most extensive study. Their results for the three 
component system HN-water-hydrazine are shown in figure 2. The concen- 
tration triangular grid has not been included in the figure to avoid 
obscuring the pertinent features of the phase diagram structure. The 
figure shows the isothermal contours for the liquidous surfaces of the 
ternary system and also shows that the system has four invariant points: 
two ternary eutectics, a ternary peritectic, and the eutectic of the 
quasi-binary system hydrazine hydrate (hydrazine nitrate-1-hydrazinate) . 
Figures 3 and 4 show the liquidous lines for the HN-water and HN-hydra- 
zine binary systems drawn from the results shown in figure 2. Figure 4 
indicates the formation of the compound hydrazine nitrate-1-hydrazine 
(N,H,NO, . N E & )  which melts at 37.4"F and the eutectic composed of 47.: 
weight percent Hw which melts at -50.8"~. The data used to prepare 
these curves can be found in the author's original papers. It is inter- 
esting to note (figure 3) that HN does not form a hydrate, although 
several authors reported that HN exhibits hydroscopic characteristics. 
It is also interesting that, although water solvates with hydrazine 
(figure 1) and hydrazine hydrates with HN (figure 4), water does not 
hydrate with HN. 
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Another b ina ry  system o f  i n t e r e s t  i n  t h i s  irive:stigation wa:; 
HN and ammlsniurn n i t r a t e ,  materials t h a t  were repor ted  liy v.ltrious inves-  
t i g a t o r s  t o  be products  of t h e  r eac t ion  between hydrazine and n i t rogen  
te t roxide7 ,  8, 9/. 
f o r  t h i s  system; t h e i r  r e s u l t s  are  shown i n  f i g u r e  5. The f i g u r e  shows 
t h e  1 i q u i q  us also l i n e  as a funct ion of t h e  percent  ammonium n i t r a t e .  
K i  s s inger  s tud ied  t h i s  system and found t h a t  t h e  s o l i d i f i c a t i o n  
temperature of t h i s  mixture appeared t o  decrease approximately l i n e a r l y  
a t  a ra te  of 44°F per  weight percent  o f  amioniurn n i t r a t e  a t  t h e  f r eez ing  
p o i n t  o f  HN. This  appears  t o  be a lower rate than  Bar lo t  and Marsaule 's  
r e s u l t s  ( f igu re  4 )  i nd ica t e ;  they  f i n d  a va lue  c l o s e r  t o  35°F per  weight 
percent .  
hydrazine n i t r a t e  and f r eezes  a t  116°F; t h i s  appears  t o  ag ree  with t h e  
r e s u l t s  o f  Barlot  and Marsaule. 
Bar lo t  and MarsaulelO/ examined t h e  phase re1at) icnship 
Kissinger r e p o r t s  t h a t  the  e u t e c t i c  occurs  a t  67 weight percent  
The d e n s i t y  of HN-hydrazine and HN-water so lu t ions  has a l s o  
been reported.  Vango and K r a s i n s k y g  measured t h e  d e n s i t y  o f  hydrazine 
s o l u t i o n s  of HN conta in ing  a f r a c t i o n a l  percent  of a n i l i n e .  Their  meas- 
urements were made using a 1.54 in3 (25 cm?) volume pycnometer wi th  a 
c a l i b r a t e d  stem f o r  observing t h e  change i n  t h e  l i q u i d  volume wi th  t e m -  
pe ra tu re .  These au thors  used two so lu t ion  concentrat ions,  82.04 and 
69.74 weight percent  HN. Figure 6 shows a r e p l o t  o f  t hese  r e s u l t s ;  f o r  
comparison, t h e  temperature dependence of  pure hydrazine,  taken from 
t h e  work of  Walden and H i l g e r t w ,  and of w a t e r ,  taken from Litnge's 
Handbook o f  Chemistry, are a l s o  shown i n  t h e  f igu re .  Except f o r  water, 
which shows a nonl inear  behavior,  t hese  s o l u t i o n  d e n s i t i e s  exhibit  a 
l i n e a r  dependence on t h e  temperature.  The dependency of t hese  so lu t ion  
d e n s i t i e s  on t h e  HN concent ra t ion  a t  75°F i s  shown i n  f i g u r e  7. Again, 
it appears  t h a t  a l i n e a r  r e l a t i o n s h i p  between t h e  d e n s i t y  and t h e  HN 
concentrat ion s a t i s f a c t o r i l y  r ep resen t  t h e  da t a .  Theore t ica l ly ,  t h e  
so lu t ion  dens i ty  of  nonionic materials should be a l i n e a r  func t ion  o f  t h e  
concentrat ion (mola l i ty ) ,  whereas f o r  s t rong ly  i o n i c  1: 1 salts, t h e  den- 
s i t y  i s  a more complex func t ion  o f  t h e  sal t  concent ra t ion  conta in ing  two 
terms; one term i s  l i n e a r  i n  concentrat ion,  and t h e  o the r  a t h r e e  ha lves  
power of  the  concen t r a t io&/ .  That our  r e s u l t s  appear t o  be a l i n e a r  
func t ion  o f  t h e  concent ra t ion  i s  i n  accord w i t h  t h e  f a c t  t h a t  HN i s  a 
sal t  o f  a weak base and a s t rong  ac id ,  and therefore ,  it e x h i b i t s  more 
nonionic charac te r  than  i o n i c .  
Since v i s c o s i t i e s  f o r  t h e  HN-hydrazine s o l u t i o n s  had a l r e a d y  
been determined by Vango and K ; a s i n s k 9 2 ,  t h e  Bureau confined i t s  inves-  
t i g a t i o n  o f  v i s c o s i t y  t o  H N - w a t e r  so lu t ions .  Vango and Krasinsky used a 
Cannon-Zhukov viscosimeter ,  modified s l i g h t l y  t o  prevent  evaporat ion o r  
moisture pick-up. The Bureau's experiments with HN-water so lu t ions  were 
conducted with a Cannon-Fenske viscometer.  The kinematic v i s c o s i t y  of  
t hese  so lu t ions  a re  shown i n  f i g u r e  8, where t h e  l o g  t o  t h e  base 10 o f  
the kinematic v i s c o s i t y  i s  p l o t t e d  as a func t ion  of t he  r e c i p r o c a l  o f  t h e  
abso lu te  temperature. The f i g u r e  shows t h a t  t h e  data f o r  t h e  "-water 
so lu t ions  seems t o  f i t  a l i n e a r  r e l a t i o n ,  w i th  r e s p e c t  t o  t h e  r e c i p r o c a l  of 
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t h e  absolu te  temperature. 
so lu t ion  d e n s i t i e s ,  t h i s  inconsistency i s  a l s o  due t o  the  f a c t  t h a t  HN 
i s  a weak e l e c t r o l y t e  and the re fo re  i t s  p rope r t i e s  i n  so lu t ion  approach 
t h a t  of a nonelec t ro ly te .  
Theore t ica l ly  the re  i s  n reason f o r  t h i s  t o  
be t r u e ,  except poss ib ly  i n  very d i l u t e  s o l u t i o n s l 3  4 . A s  i n  t h e  case of  
The Bureau's i n i t i a l  surface tens ion  measurements on HN-water 
so lu t ions  used a DuNuoy tensiometer.  However, t hese  experiments were 
more d i f f i c u l t  than had been an t i c ipa t ed  s ince  it w a s  found t h a t  t h e  
sur face  tens ion  of f r e s h l y  prepared HN so lu t ions  changes gradual ly  with 
time, and even a f t e r  s tanding several  days i n  covered containers ,  the  
phenomenon does not  subside.  Apparently t h e  a c t  of measurement d is turbed  
t h e  sur face  state of t h e  so lu t ion  and as a r e s u l t ,  t h e  sur face  tension 
w a s  lowered by each succeeding measurement. 
f i l t r a t i o n  of these  so lu t ions ,  it was poss ib le  t o  obta in  f a i r l y  cons is t -  
en t  r e s u l t s .  
75°F a r e  given i n  f i g u r e  9. The f igure  shows a f a i r l y  l i n e a r  dependence 
of t h e  surface tens ion  on the  HN concentration. 
By c a r e f u l  prepara t ion  and 
The values  obtained by t h i s  method a t  a temperature of 
I n  view of t h e  d i f f i c u l t i e s  encountered with t h i s  technique, it 
w a s  decided t o  use another technique f o r  measuring t h e  t mperature de- 
pendence of t he  sur face  tension.  The bubble techniqu & w a s  se lec ted  
s ince  a f r e s h  sur face  i s  formed w i t h  each bubble. Hopefully t h i s  would 
e l imina te  t h e  d r i f t  problem. 
t h e  pressure  required t o  f o r m a  small bubble under t h e  sur face  of the  solu- 
t i o n .  
p ressure  and t h e  r a t i o  of t h e  surface tens ion  t o  t h e  bubble rad ius .  A 
complete desc r ip t ion  o f  t h i s  technique can be found i n  reference 14. 
apparatus  was c a l i b r a t e d  with l i qu ids  having known sur face  tens ion .  A 
s i l i c o n e  o i l  bath w a s  used t o  obtain temperatures u p . t o  400°F. The sur face  
tens ions  of molten HN, water, and hydrazine were measured and the  r e s u l t s  
a r e  shown i n  f igu re  10. It i s  assumed t h a t  t he  sur face  tens ion  of t h e  
var ious  "?-water and "-hydrazine solut ions are intermediate  between these  
curves.  Above 260"~ t he  molten HN begins t o  decompose not iceably  as evi -  
denced by the  continuous formation of bubbles on t h e  w a l l s  of t h e  ves se l .  
A t  350°F t h e  decomposition increased t o  t h e  ex ten t  t h a t  t h e  l i q u i d  had 
the  appearance of f r e s h l y  poured carbonated water. 
so numerous t h a t  t he  l i q u i d  w a s  almost opaque. 
pos i t i on  above 2 6 0 O ~ ,  t he  sur face  tension measurements became not iceably  
e r r a t i c .  The r e s u l t s  f o r  hydrazine ( f i g u r e  10) show an abnormally l a r g e  
r a t e  of decrease i n  t h e  sur face  tension with increas ing  temperature although 
the  reason f o r  such a rap id  drop i s  not immediately apparent.  
I n  p r inc ip l e  t h i s  method c o n s i s t s  of measuring 
The bubble pressure  i s  proport ional  t o  t h e  sum of t h e  hydros ta t ic  
The 
The r i s i n g  bubbles were 
A s  a r e s u l t  of  t he  decom- 
The remaining s tudy of the phys ica l  p rope r t i e s  of these  so lu t ions  
concerned t h e i r  r a t e  of vaporization. From t h e  l i t e r a t u r e  it i s  apparent 
t h a t  t h e  r a t e  of vaporizat ion o f  condensed phase substance i s  cu r ren t ly  
a con t rove r s i a l  sub jec t .  Inves t iga tors  cannot agree  as t o  whether o r  not 
t he  accommodation coe f f i c i en t  i s  a n  a r t i f a c t .  A number of i nves t iga to r s  
be l ieve  t h a t  contaminated l i q u i d s  o r  improper experimental condi t ions 
account fo r  t he  use of accommodation coe f f i c i en t s .  They maintain t h a t  a l l  
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liquids have accommodation coefficients of unity. 
to be the case and neglects bubble formation, then %he calculation of 
evaporation rates is a matter of measuring the vapor pressure of pure 
liquids. 
zation rates of solutions. 
the added complication of the concentration gradient at the liquid sur- 
face resulting from the loss of the more volatile constituent. This com- 
plication, in conjunction with thermal gradient due to the latent heat 
of vaporization, makes the vaporization process for solutions highly 
transient. Thus it appears thay any experimental study becomes a major 
undertaking. Figure 11 shows the temperataure dependence of the vapor 
pressure of various hydrazine-" solutiort:; obtained by Vango and Krasin- 
sky. 
If one assumes this 
No work appears to have been conducted on measuring the vapcri- 
The lack of such work may be attributed to 
Combustion Characteristics 
€IN has been of considerable interest in explosives research 
for many years, primarily because having no carbon content, it represents 
a truly smokeless explosive, its ultimate explosion products being only 
nitrogen and water. Many attempts have been made to use HN as an 
artillery projectile propellant. As a result, a considerable amount of 
information pertaining to its explosive characteristics has accumulated. 
Unfortunately a l l  the investigations conducted to date, including those 
in this report, have been confined to its B crystalline form. As a 
result, no information is available concerning the cy form. 
lead azide, which also has two crystalline forms, the two forms of HN 
probably have different explosive characteristics. 
However like 
One of the more interesting combustion char teristics of HN 
is its relatively low combustion temperature; 4350"$3. 
stability has been studied by numerous investigators including the Bureau 
Its thermal 
and there seems to be general agreement that the pure terial decomposes 
explosively at about 570'F. Shidlovoskii and Semishi found that glass 
conducted tests on "-hydrazine mixtures. They found that, only 
tubes containing molten HN were unable to support stable burning; appar- 
e combustion transited to a detonation. Moran, Burnett, and 
after the liquid portions of the samples had either mostly burned or 
vaporized off and the vessel temperature rose to about 570°F, did an 
explosive reaction occur. 
One of the first detonation characteristics of HN studied was 
its gap-sensitivity. 
nesses of an inert shock attenuation material is placed between an explo- 
sive booster of fixed (standard) size and the candidate material. 
maximum gap through which the fixed charge can initiate the candidate 
material 50 percent of the time is its gap or card value. Originally 
the standard charge used in these measurements on HN was 100 grams of 
tetryl and the cards consisted of Acrawax B cast to the sired thick- 
nesses. In their experiments Eyster, Smith, and Walto & using pressed 
HN (density 100 lb/ft") found a gap value of 2.51 inches (of wax). This 
In this test, a gap consisting of various thick- 
The 
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can be compared with corresponding values  of 1.68 inches f o r  TNT and 
2.01 inches f o r  t e t r y l ,  both considered t o  be " sa fe  explosives" f o r  
handling purposes. I n  later work, Medard found the  drop weight sen- 
s i t i v i t y  of HN t o  be 14  t o  18 foot-pound. 
and Pr ice ,  Liddiard,  and D r o s d d .  Medard, us ing  6.7 inch diameter by 
21.18 inch  long pressed charges of hydrazine n i t r a t e ,  found t h a t  i t s  
detonat ion v e l o c i t y  exhib i ted  a maximum a t  a d e n s i t y  of 81.2 l b / f t 3 .  
However, Pr ice ,  Liddiard,  and Drosd e s t ab l i shed  t h a t  such maxima are 
l i k e l y  t o  occur f o r  explosives  f o r  which t h e  c r i t i c a l  diameter increases  
with dens i ty .  The c r i t i c a l  diameter i s  t h e  minimum charge diameter a t  
which propagation of a s t a b l e  detonation i s  poss ib l e .  The r e s u l t s  of 
both these  inves t iga t ions  a r e  shown i n  f i g u r e  12.  From these  r e s u l t s  
t he  au thors  concluded that HN exh ib i t s  a c r i t i c a l  diameter which i n -  
c reases  with increas ing  packing densi ty .  Pr ice ,  Liddiard, and Drosd 
found t h a t  t he  i n f i n i t e  charge diameter detonat ion v e l o c i t y  f o r  HN can 
be expressed as V = 283.2 w -328 f t / s ec ,  where w i s  t h e  explosive den- 
s i t y  i n  lb . Michel, H a r m s ,  Koepche, Mueller, Jacobson, Syolund, and 
Chris t ians@ ca lcu la t ed  a Chapman-Jouguet detonat ion v e l o c i t y  of 19,150 
f t / s e c  f o r  an  explosive dens i ty  of 62 l b / f t 3  (1 gm/cc), whereas t h e  
above r e l a t i o n  would p r e d i c t  a value of 17,350 f t / s e c ,  10 percent  lower 
than  t h e  t h e o r e t i c a l  value.  
The detonat ion v e l o c i t  of HN has been measured by Medard 2l 
Although the  work of previous i n v e s t i g a t o r s  has e s t ab l i shed  
values  f o r  t h e  s e n s i t i v i t y  and detonation v e l o c i t i e s  of bulk HN, it 
remained t o  determine i f  t h i s  mater ia l  w i l l  support  a detonat ion i n  the  
form of a t h i n  l3Lm as found i n  these engines.  I n  view of t h i s ,  t h e  
Bureau cond ed experiments t o  determine t h e  t h i n  f i l m  detonat ion char- 
a c t e r i s t i c s @  of HN 'and i t s  w a t e r  and hydrazine so lu t ions .  These 
experiments were performed a t  a temperature of 75°F (above the  melting 
po in t  of  HN) i n  t h e  apparatus  shown i n  f i g u r e  13. 
oped a t . t h e  Bureau c o n s i s t s  of a n  open p l a s t i c  t r a y  inc l ined  a t  a s l i g h t  
angle  so  t h a t  t h e  contained candidate l i q u i d  forms a wedge whos 
ness  v a r i e s  from one quar te r  inch t o  zero.  A c o l l a p s i b l e  prob 
tending t h e  length  of the  wedge, w a s  used t o  record t h e  r a t e  of  propa- 
ga t ion  of t h e  detonat ion f r o n t .  This probe c o n s i s t s  of a t h i n  metal  
tube  through which i s  extended a bare  r e s i s t a n c e  wire separated from t h e  
tube by a s p i r a l  of i n s u l a t i n g  thread.  A s  a detonat ion propagates along 
t h e  tube, it col lapses  and shor t s  t he  r e s i s t a n c e  wire and t h e  r e s u l t i n g  
change i n  t h e  r s tance  i s  recorded on an osc i l loscope .  A r e s i s t i v e  
pressure  gauge,w loca ted  on one t r a y  w a l l  opposi te  t h e  i n i t i a t i n g  ex- 
p los ive ,  provides a q u a l i t a t i v e  ind ica t ion  of t h e  presence of a detona- 
t i o n .  The explosive i n i t i a t i n g  charge c o n s i s t s  of a 50-gram t e t r y l  pe l -  
l e t  formed from two, 1 X 5/8-inch diameter by 1/2-inch t h i c k  t e t r y l  pe l -  
l e t s .  The charge w a s  separated from t h e  t r a y  w a l l  by a p l a s t i c  spacer 
which provides f o r  t h e  transmission of an  a t t enua ted  shock i n t o  t h e  
l i q u i d  wedge. These experiments were conducted on HN, HN-water and HN- 
hydrazine so lu t ions .  
The apparatus  devel-  
Figure 1 4  shows two osc i l loscope  records of t h e  
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changing r e s i s t ance  of t he  c o l l a p s i b l e  probe (lower t r a c e )  and t h e  re- 
s i s t o r  transducer (upper t r a c e )  f o r  a p o s i t i v e  and negat ive r e s u l t .  The 
t o p  osci l logram i n  figure 1 4  i s  t y p i c a l  of  a p o s i t i v e  r e s u l t  showing two 
detonat ion regions,  a high v e l o c i t y  and a low ve loc i ty .  The high ve lo-  
c i t y  detonation, conceived f i r s t ,  t r a n s i t s  t o  a low v e l o c i t y  de tona t ion  
when t h e  f i l m  th ickness  reaches a c r i t i c a l  value.  The low v e l o c i t y  
de tona t ion  then cont inues t o  i t s  po in t  a€ e x t i n c t i o n  a t  i t s  c r i t i c a l  
f i l m  th ickness .  The upper t r a c e  i n  f i g u r e  14a i s  t h e  output  of  t h e  
r e s i s t i v e  transducer showing 
t h e  low order detonatio!, rectcliec t h e  far end of t h e  t r a y .  Figure 14b 
shows t h e  probe s i g n a l  f o r  a negat tve r e s u l t  ( I ~ C  prophgation) f o r  t h e  
65 percent  "-water so lu t ion .  I n  t h i s  experiment t h e  explosive shock 
w a s  i n i t i a l l y  s u f f i c i e n t l y  in t ense  i n  the l i q u i d  wedge nea res t  t h e  charge 
t o  co l l apse  t h e  probe; however as t h e  t r a c ?  cIiows, t h i s  shock decayed 
rap id ly .  
experiments. Using t h e  v e l o c i t y  da ta ,  shown i n  t h e  table, it can be seen 
t h a t  i f  a f i l m  of  HN-hydrazine covering t h e  w a l l s  of t hese  RCS engines 
de tona tes ,  it requ i r e s  approximately 4 microseconds t o  t r a v e l  t h e  l eng th  
o f  the  combustion chamber. The t h i n  f i l m  de tona t ion  v e l o c i t y  f o r  pure 
hydrazine n i t r a t e  shows reasonable  agreement with t h e  r e s u l t s  o f  o the r  
i nves t iga to r s  as ind ica t ed  i n  f i g u r e  12.  
s t rong  shock s t r i k i n g  it a t  t h e  same t i m e  
Table 4 summerizes t h e  r e s u l t s  of  the complement of  t h i n  film 
Furthermore, from t h e  t a b l e  it can be seen t h a t  HN-water so lu-  
t i ons ,  having 65 o r  less  weight percent  HN, do no t  support  a stable 
de tona t ion  i n  t h i n  films, whereas HN-hydrazine so lu t ions  having as l i t t l e  
as 40 weight percent  HN s t i l l  detonate .  The t a b l e  a l s o  shows t h a t  mol- 
t e n  ", "-water s o l u t i o n s  having HN concent ra t ions  g r e a t e r  than 80 
weight percent ,  and HN-hydrazine so lu t ions  having HN concentrat ions 
g r e a t e r  than 80 weight percent ,  exhibit  s t a b l e  de tona t ion  i n  f i l m s  t h i n -  
ner than 0.01 inch .  
RENARKS AND CONCLUSIONS 
The experiments discussed i n  t h e  previous sec t ions  complete 
t h e  suggested s t u d i e s  o r i g i n a l l y  agreed t o  by the Bureau and MSC, ( table  
1). 
zine  n i t r a t e  so lu t ions ,  one can es t imate  such i t e m s  as t h e  th ickness  
and flow of t h e  r e s idue  f i l m s  i n  t hese  engines during t h e  var ious  per iods  
o f  engine operat ion,  t h e  maximum amount o f  r e s idue  t h a t  accumulates i n  
these  engines dur ing  any pu l se  sequence, and when t h e  r e s idues  have t h e  
proper hydrazine n i t r a t e  content  t o  c o n s t i t u t e  a detonable  mixture.  The 
dens i ty ,  v i scos i ty ,  sur face  tens ion ,  and vapor p re s su re  dependence o f  
t h e s e  so lu t ions  on t h e  temperature and hydrazine n i t r a t e  concent ra t ion  
i s  s u f f i c i e n t l y  re l iab le  t o  permit  t h e i r  ex t r apo la t ion  t o  temperatures 
o r  HN concentrat ions beyond t h e  reg ion  o f  i n v e s t i g a t i o n .  
Using the  r e s u l t s  o f  t he  phys ica l  c h a r a c t e r i s t i c s  s tudy o f  hydra- 
Hydrazine n i t r a t e ,  pressed t o  near  i t s  c r y s t a l l i n e  d e n s i t y  
(104 lb / f t3 )  has  a shock s e n s i t i v i t y  g r e a t e r  than  t h a t  o f  TNT o r  t e t r y l .  
A s  with a l l  s o l i d  explosives ,  i t s  i n f i n i t e  diameter de tona t ion  v e l o c i t y  
inc reases  l i n e a r l y  with packing dens i ty .  
of  molten HN and HN-water and "-hydrazine s o l u t i o n s  have shown t h a t  t h e  
Thin f i l m  de tona t ion  s t u d i e s  
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TABLE 4. - Detonation ve loc i t i e s  and c r i t i c a l  f i lm thicknesses 
( c f t )  fo r  both low velocity and high ve loc i ty  deto- 
nations for  "-water and HN-hydrazine solutions.  
Liauid Solution 
Composition HN Concentration 
Weight Percent 
HN 100 
"/%! 0 85 
75 
65 
80 
60 
40 
20 
Detonation Velocity 
High Order Low Order 
Velocity c f t  Velocity c f t  
f t / sec  2 f t / s ec  2 
4.01 1/ 27,900 0.05 4,600 - 
24,900 0.12 7,900 - 4.01 
NOT OBSERVED 6,900 0.13 
NO PROPAGATION 
28,200 0.03 5,900 <o .01 
25,600 0.10 7,200 0.03 
26,900 0.03 NOT OBs?b.LED 
NO PROPAGATION 
~~ -~ ~~~ ~ ~ 
0.01 inch represents  the l i m i t  o f  resolution of the apparatus. 
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molten HN, and e i t h e r  so lu t ions  having a n  HN concent ra t ion  g r e a t e r  than 
80 weight percent ,  are capable  of  support ing a s t a b l e  low v e l o c i t y  deton- 
a t i o n  i n  f i lms a t  least  as t h i n  as 0.01 inch.  Furthermore, HN-water arid 
€IN-hydrazine so lu t ions  conta in ing  less  than 65 and 20 weight percent  HN 
r e spec t ive ly  do not  support  s t a b l e  detonation:: i n  films th inne r  than 0.25 
inch .  From t h e s e  r e s u l t s  it appears  t h a t  n e i t h e r  of t h e  two l i q u i d  res i -  
due samples (No. 1 2  and 24)  taken from MSC engines, ( t a b l e  2 )  contained 
s u f f i c i e n t  hydrazine n i t r a t e  a t  the  t i m e  of  a n a l y s i s  t o  c o n s t i t u t e  a d e t -  
onable mixture. However, t h e s e  samples w e r e  removed from engines t h a t  
d i d  not  spike--a f a c t  which may a t t e s t  t o  i t s  nondetonable na tu re .  
Although the s o l i d  r e s idue  samples, shown i n  table 2, contained more 
than 90 weight percent  HN, c e r t a i n l y  detonable  mater ia l ,  one cannot be 
su re  t h a t  t h i s  m a t e r i a l  e x i s t e d  i n  t h e  s o l i d  s t a t e  a t  t h e  time of  engine 
restart,. Furthermore, t o  do any s t r u c t u r a l  damage t o  these  engines,  i t  
i s  necessary t o  accumulate a t  l e a s t  1 gram of t h i s  ma te r i a l  i n  t h e  cham- 
ber--a much l a r g e r  quani ty  than  has been removed from t h e  MSC engines t o  
d a t e .  
In conclusion i t  can be s a i d  t h a t  t h e r e  i s  s u f f i c i e n t  evidence 
t o  ind ica t e  t h a t  hydrazine n i t r a t e  i s  a major cons t i t uen t  of  t hese  engine 
r e s idues  and t h a t  i t s  combustion c h a r a c t e r i s t i c s  c l a s s i f y  it as a poten- 
t i a l  cont r ibu tor  t o  t h e  i g n i t i o n  sp ike  phenomena. 
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Figure 1: Weight of moisture absorbed by HN over 
var ious Regnault mixtures as a func t ion  
of t i m e  a t  6 0 O ~ .  
t h e s i s  a r e  equivalent  r e l a t i v e  humidi t ies  
i n  percent.  
The q u a n t i t i e s  i n  paren- 
Figure 2: Three component liquidous is7thencs for  the ternary systen HN- 
iiydraz-ine-water . 
s t ruc t  t h i s  figure, although not shown, i s  l inear  i n  the weight 
percent of eacli coiistituent. 
are i n  degrees cerltipade. 
The czncentration triangular grid, used t o  con- 
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Figure 7: Density of "-hydrazine and HN-water s o l u t i o n s  as 
a function of the HN concentration at 75°F. 
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Fig-ire 1%: Detonation velocity of pressed HN as a function of the packing 
density for  various charge diameters. 
FIGURE 13. - Apparatus used in determining critical film thicknesses for stable 
detonation 
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FIGURE 14. - Typical osci l logram of t he  pres -  
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